In order to ensure the electrical performance of the reflector antenna, the surface accuracy constraint need to be satisfied during the structure design. Different calculating methods can get different accuracy values, then influence the difficulty of antenna structure design. Therefore, the evaluation method for antenna surface accuracy is of vital importance. In this paper, the traditional evaluation procedure is first reviewed. This method has been successfully used in structure design of many large antennas, but based on our analysis, this method is sub-optimal. For this reason, a new accuracy evaluation method is introduced, which can get the optimal worst-case surface accuracy. Both quantitative analysis and numerical example of a 110 m radio telescope show that this method can improve the worst-case accuracy effectively. The structural optimization of an 8 m antenna, as a test problem, is also discussed and the results are given.
I. INTRODUCTION
To ensure the electrical performance of the reflector antenna, the precise surface accuracy requirements must be maintained for a spectrum of the environmental wind and varying gravitational loading [1] - [3] . For the large radio telescope, the surface accuracy under gravity loading usually dominate the structure design. Assuming that the surface error tolerance assigned to the gravity loading effect is equal to σ g , then the worst-case root-mean-square (rms) surface error under gravity loading must meet the condition that [4] rms w ≤ σ g (1) The surface accuracy tolerance value σ g is strictly constrained for antenna structure design, but with the in-depth study of the surface distortions, the evaluation method for worst-case surface accuracy rms w is constantly evolving. These methods improve the surface accuracy rms w significantly, in other word, they relaxed the design requirements of the antenna structure.
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In Von Horner's pioneering work [5] , homologous design is skillfully proposed, which just requires the deformed antenna surface maintaining a parabolic shape over the whole range of antenna elevations. This is based on the consideration that the adjustable subreflector and the reorientation of the antenna pointing can eliminate the path length error caused by the focal length change and the rigid body motion of the antenna. This means that the surface accuracy should be measured by the rms deviation of the deformed surface from the best-fitting paraboloid (see Fig. 1a ), rather than the original undistorted surface [6] .
Zarghamee first realized that the gravity loading at any elevation angle is a linear combination of one gravity loading in the direction of the focal axis and a second orthogonal gravity loading parallel to the aperture plane [7] . This means that the worst-case surface accuracy occurs in the zenith position (gravity loading in the direction of the focal axis) or the horizon position (gravity loading parallel to the aperture plane).Therefore, in Zarghamee's design process, the surface accuracy for both positions are constrained.
Then, Roy Levy's work [8] showed that if the surface panels are adjusted to form a perfect paraboloid shape at an intermediate elevation angle between the horizon and zenith positions, the severity of the gravity loadings will be reduced and the surface accuracies will be improved greatly (see Fig. 1b ). The angle that is chosen for this panel setting is called the rigging angle, and the strategy is called the RA strategy. As one particular option, the choice of the rigging angle can make the gravity loading accuracy consistently at the extremes of the elevation angle range, and then the antenna can be designed for a single loading [9] , [10] .
The telescopes built with ''active surfaces'' can compensate the surface errors significantly compared with the passive version of the structure [11] - [14] . In this case, the accuracy constraints in structure design refer to uncompensated accuracy. But the ''active surfaces'' is not magic, it does not enchant a poor surface into a perfect surface. A good telescope should be designed properly first, then add ''active surfaces'' system to improve its performance.
Based on the above discussion, the flowchart of the calculation of rms w in conventional antenna designs is shown in Fig.2 . This procedure is very effective and has been widely used in the design of antenna structure [15] [16] [17] [18] [19] [20] , such as many famous telescopes -IRAM 30 m, SRT 64 m, HUSIR 37 m, QTT 110 m etc.
The RA adjustment strategy let the antenna has a perfect paraboloid at rigging angle. But for the design of antenna structure, this kind of adjustment is not optimal. This conclusion is based on the following observations: the most concerned indicator in antenna structure design is the worst-case surface accuracy, while the surface accuracies at other eleva-tion angles are unlimited; this means that it is not necessary to have a perfect paraboloid at any orientation, including the rigging angle.
To get optimal worst-case accuracy, a new adjustment strategy is studied in this paper, and naturally, the procedure shown in Fig.2 to calculate the worst-case surface accuracy value should be updated. In section II, a general expression for surface adjustment is given first. Based on this expression, the optimization model for minimizing worst-case surface rms error is built, and then the optimal worst-case surface accuracy is derived. In section III, a quantitative comparisons and applications to the adjustment of a 110 m telescope of the two approaches are presented. In Section IV, the structural optimization of an 8 m antenna, as a test problem, is discussed and the results are given. Finally, a summary of this investigation and suggestions for the design of future large steerable antennas are given.
II. FORMULAS AND DERIVATION A. SURFACE ADJUSTMENT IN GENERAL
The best-fitting half-path-length-error vector ρ is a constant linear function of the surface displacement vector δ [21] , i.e., ρ = Rδ (2) The displacement caused by gravity loading at a given tilt angle α can be expressed as follows [6] 
where δ h and δ z are the displacement vectors at the horizon position and the zenith position, respectively. By combining Eqs. (2) and (3), we obtain
where ρ h and ρ z are the best-fitting half-path-length error vectors at the horizon position and the zenith position, respectively. For convenience, the ''adjustment'' described in this paper refers to adjustment of the half-path-length errors, which has a simple relationship with the panel settings [15] , [17] . The amount of the adjustment in traditional RA adjustment strategy is given by,
where γ is the rigging angle. Obviously, the half-path-length error vector in the rigging angle after the adjustment meets,
In other words, the adjustment given by Eq.(5) will led to a perfect paraboloid at rigging angle. But as stated in the introduction, adjusting the antenna to a perfect paraboloid is not necessary. Therefore, a more general expression for the adjustment is defined as follows:
The corresponding coefficients β h and β z should be solved for the different adjustment strategies. After the adjustment VOLUME 7, 2019 described by Eq. (7), the half-path-length error vector at angle α can be written as follows:
In general, the surface accuracy refers to the weighted RMS half-path-length error [22] . To simplify the discussion, the unweighted RMS error is used in this paper and the RMS half-path-length error is
with 9) can be rewritten as follows
where rms h , rms z are the RMS error at the horizon position and the zenith position, respectively. Cov hz is the covariance of ρ h and ρ z .
B. OPTIMAL WORST-CASE ACCURACY
Our goal is to find to minimize worst-case surface rms error. The mathematical model is as follows:
To produce equal worst case rms error at the extremes of the elevation angle range. The optimization model (11) can be rewritten as
where, ms is the surface mean-square error and ms = rms 2 . The surface mean-square error at the extremes of the elevation angle range are
where
is an optimization problem subject to equality constraints, which can be solved by Lagrange multiplier method. Introducing a Lagrange multiplier to the constraint, the Lagrange function can be constructed as
The extreme points that satisfy the constraint should satisfy the following equations:
Base on Eq.(16), the following equations can be derived.
After several operations for (18) and (19), we have
Compared with rms h and rms z , Cov hz is small. Obviously,
Then β h and β z are obtained by solving (21) . That is
By substituting Eqs. (22) into (17), we get
Replace the λ 1 in Eqs. (22) , the solution is available, that is
The adjustments are the negative of the average errors of the extreme angles. We call it EA adjustment strategy. The worst-case surface accuracy for the EA strategy is
After introducing the EA adjustment strategy, the updated flowchart for worst-case accuracy calculation is shown in Fig.3 . In this novel procedure, the conventional RA strategy is replaced by the EA strategy. In order to show the superiority of the EA-based worst-case surface accuracy evaluation, the comparisons of RA and EA strategies are presented in the next section. Fig. 4 shows illustrations of the RA and EA adjustment strategies, where blue lines represent the RA strategy and red lines are used for the EA strategy. For the RA strategy, the antenna has a perfect paraboloid at rigging angle, while there is no ideal surface at any orientation if the EA strategy is adopted. The elevation angle α * , which corresponds to the best-case surface accuracy of EA strategy, satisfies drms/dα = 0 (27) Eq. (27) can be solved efficiently using a bi-sectioning algorithm. The best surface accuracy rms b can then be obtained by substituting α * into Eq. (10).
III. COMPARISONS OF RA AND EA STRATEGIES

A. QUANTITATIVE ANALYSIS
If the antenna is perfectly symmetrical in both construction and weight distribution, the Cov hz is expected to be exactly zero. Without losing generality, Cov hz = 0 is selected for the comparisons.
In the RA strategy, the rigging angle is related to the ratio of rms h to rms z , and the detailed calculation method of the worst-case accuracy rms ra,w can refer to [21] . The antenna deformation parameter µ is defined here as µ = rms h /rms z
Then, the improvement in the worst-case accuracy of the EA strategy can be expressed as IM (µ) = rms ra,w − rms ea,w /rms ra,w
As shown in Fig. 5 , the values of IM is varying with the change of antenna deformation parameter µ. It shows that at µ = 1, where rms h = rms z , the EA-based evaluation has an largest improvement by 7.6% in the worst-case accuracy versus the RA-based evaluation.
Furthermore, set rms h = rms z = σ , the results for the RA and EA strategies are listed in Table 1 . It shows that: the adjustment magnitude of the RA strategy is √ 2 times that of the EA strategy, so the EA strategy can reduce the magnitude of the required panel setting; in addition, the EA strategy produces error vectors with equal magnitudes and opposite signs at the horizon and zenith positions.
B. ACCURACY EVALUATION OF A 110 M TELESCOPE
The QiTai radio Telescope (QTT) proposed by astronomers is to be built in Qitai county, Xinjiang Uyghur Autonomous Region [23] , [24] . Its diameter will be up to 110 meters and the self-weight will be more than 5000 tons. A promising design scheme for QTT is proposed by the author in [18] . The tipping structure of the 110 m telescope is shown in Fig. 6 . It consists of a fully active surface of more than 2500 panels. The QTT was designed to operate to 25GHz without use of the active surface, and up to 115GHz with the active surface. To verify the effectiveness of the EA-based accuracy evaluation, the RA and EA adjustment strategies are applicant to this scheme, respectively. The surface accuracy values versus elevation angles after RA / EA strategies are plotted in Fig. 7 .
The surface error maps for both strategies are shown in Fig. 8 . The maps in the second column are the original surface errors without adjustment, and the maps in the second row are the adjusting values for the surface errors. The remaining pictures in Fig. 8 are the maps after the adjustment, they are obtained by subtracting the original errors from the adjusting values. From the results, it can be seen that both RA and EA methods can improve the surface accuracy, but the worst-case surface accuracy can be further improved by 7.5% when using EA-base accuracy evaluation (292 µm for RA and 270µm for EA). This is consistent with the result of our quantitative analysis.
In Fig. 9 , the relative antenna efficiency is plotted based on Ruze formula for the two strategies. Because the telescope was designed to operate to 25GHz without use of the active surface, so the wavelength 12 mm is used. It shows that near the rigging angle, the decrease of the efficiency is less than 2%.
IV. STRUCTURE DESIGN OF 8 M ANTENNAS
In order to compare the influence of these two accuracy evaluation methods on antenna structure design, the optimizations of two 8 m antennas are carried out here. Both antennas have the same configuration and performance constraints. They are tion. A detailed description of the 8 m antenna was presented in [25] . As shown in Fig. 10 , 420 members were grouped into 15 categories, the worst-case surface rms error constraints of both antennas are less than 0.03 mm. The flowchart of antenna optimization procedure is shown in Fig. 11 . Here, the sequential linear programming algorithm is used to solve the optimization model.
The index and design parameters of the optimized antennas are listed in Table 2 . The surface accuracy values are plotted in Fig. 12 . The iteration histories of the masses and the worstcase surface accuracy for the two antennas are shown in Fig. 13 and Fig. 14. Fig. 12 shows that the surface accuracies of both antenna A and B are better than 0.03 mm at any elevation angle after rigging. With the same accuracy constraint, the weight of the 8 m antenna designed using the EA-based accuracy evaluation can be reduced by 9.2% when compared with the RA-based antenna design. Obviously, this results show that the EA strategy can further relax the antenna structure design requirements and reduce the structural weight. 
V. SUMMARY AND CONCLUSIONS
The surface accuracy value, which is constrained during the structural optimization, used to refer to the worst-case surface accuracy. Thus, the evaluation method of the worst surface accuracy is very important. It affects the result of the optimized antenna structure. Although the RA-based accuracy evaluation has widely used in the antenna structure design, the EA-based accuracy evaluation method presented in this paper is more beneficial because it can enable further improvement of the worst-case surface accuracy. In this method, the adjustments are the average of the errors at the extremes of the elevation angle range.
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